Abstract-The emergence of multi-UAV missions poses a set of challenges. The control and monitoring of these missions requires to increase the autonomy of fleets and to reduce the workload of operators. The development of an appropriate mission model is fundamental not only for specification and planning but also for control and monitoring. This model allows determining the mission and fleet states and, therefore, providing the operator with adequate information of the mission. This paper poses a methodology to develop multi-UAV mission models and analyzes different modeling techniques, such as Petri nets or hidden Markov models.
I. INTRODUCTION
In recent years, the Unmanned Aerial Vehicles (UAVs) have experienced a huge development and have been used in many scenarios. Some areas where UAV missions can be developed are the inspection of infrastructures [1] and facilities [2] , environmental monitoring [3] , area mapping [4] and support of ground robots [5] . The complexity of these missions is significantly increasing and the step from single-UAV to multi-UAV missions is being performed.
Current multi-UAV scenarios include two operational cases. In the first one, multiple UAVs perform a unique task for improving the efficiency and reducing the duration of the mission. Two examples are the surveillance in an extensive area [6] and the transport of a heavy load [7] . Both tasks can be solved by using simultaneously multiple UAVs and distributing the work among them. In the second one, multiple UAVs can perform different tasks that are related among them but do not have strong dependencies. A good example of this scenario is the intelligence, surveillance and reconnaissance (ISR) operation, which consist of the surveillance of an area to detect potential targets and the subsequent reconnaissance of these points to validate or discard them [8] . Each task can be developed by a specific UAV with an appropriate payload in order to improve the efficiency and the safety of the mission.
However, future multi-UAV scenarios will reach more complexity and will imply more cooperation. The next step could be the development of tasks that require strong coordination or real-time decision making. The objective is the control of fleets instead of UAVs and the abstraction of the operator. For this purpose, the development of a multi-UAV mission model is a fundamental issue.
The objective of this paper is to define a methodology for multi-UAV mission modeling. This methodology should be applicable both in current and future scenarios and allow the application of recent techniques of control and monitoring: e.g. the commanding of fleets instead of UAVs and the selection of the information according to the mission state.
II. STATE OF ART
The literature related to the control and monitoring of multi-UAV missions is not extensive and detailed. In addition, the main contributions are more theoretical than applied, and focus on the analysis of requirements and challenges.
Cummings et al. [9] analyze the requirements for single operator -multiple vehicle commanding. They propose an architecture where the navigation and flight control loops are autonomous and the operator is immerse in the mission and payload management loop. This architecture poses two requirements: to increase the autonomy of vehicles and fleets and to reduce the workload of the operator.
Jacobs et al. [10] also focus on single operator -multiple vehicle commanding. They propose an adaptive interface and management system that can perform some operator functions autonomously. This system performs two roles: the executive agent, which includes the collection of information of the environment, the comprehension of the objectives, the comparison of current and objective states and the supervision of the execution of behaviors, and the tactical colleague, which also includes the capabilities for planning and executing tactical operations.
Publications [9] , [10] , [11] and [12] treat about human factors and they pose two challenges:
• The need of increasing the autonomy of UAVs and developing fleet awareness and intelligence.
• The need of reducing the operator workload in order to allow the management of the fleet. There are two approaches to tackle the second challenge: the transference of control functions from operator to interface and fleet, and the reduction and selection of the information that is provided by the interface, which is the motivation of this work.
The volume of data generated by a multi-UAV mission grows with the number of UAV and may exceed the attention capability of the operator [11] . Therefore, the data should be filtered in order to extract the information. Furthermore, the decisions of the operator may depend on the information that receives through the interface [13] . Hence, the information should be selected according to the mission and fleet states 2015 23rd Mediterranean Conference on Control and Automation (MED) June [16] [17] [18] [19] 2015 . Torremolinos, Spain 978-1-4799-9936-1/15/$31.00 ©2015 European Union to support correct decisions. In conclusion, mission model of quality enough is required to make the reduction and selection of information.
Two approaches of mission modeling can be considered:
• Complex systems: The complex systems include industrial, infrastructure and organizational systems. The management of these systems often involves an assignment problem (e.g. [14] , [15] and [16] ). This problem starts from a set of resources and a set of needs. The resources are assigned to different processes, which have different costs, in order to satisfy the needs. The objective is to satisfy all the needs with the minimum total cost. • Robot missions: The robot missions are more focused on the operation than on the management. These missions often require the specification, planning and execution of a series of tasks (e.g. [17] , [18] and [19] ). The tasks define the sequence of actions that the robots should follow. This sequence includes robot actions (e.g. to follow a list of waypoints) and also payload actions (e.g. to measure the environment with sensors and to act on it with actuators).
III. A PROPOSAL FOR MISSION ARCHITECTURE
A multi-UAV mission can be analyzed from the point of view of a complex system. There are some objectives that may appear and disappear and a set of resources that may be busy or free during the mission. Therefore, this mission can be addressed as a problem of resources allocation for objective achievement.
A multi-UAV mission also can be studied from a robot mission perspective. There are a set of objectives defined before the mission and a set of tasks that are launched to achieve them. Therefore, the mission can be treated as a series of tasks that consist of a sequence of actions.
This work proposes a hybrid approach that includes both high and low-level concepts. The high-level concepts are related to the mission perspective as a complex system: the mission is the development of tasks that use resources to achieve objectives. Meanwhile, the low-level concepts are related to the mission perspective as a robot operation: the mission is the development of tasks that are a sequence of states with actions. These concepts are presented in figure 1 and defined below:
• Mission: A mission is a set of objectives that require a series of resources: e.g. "Fire control in a country".
• Objective: An objective is a result that must be achieved for the completion of a mission: e.g. "Fire surveillance in X region" and "Fire extinguishing in Y location".
• Resource: A resource is an element (UAV, payload, people, object, place...) that is available for achieving an objective or performing a task: e.g. "UAV", "camera", "policeman" and "airport". • Task: A task is a set of actions performed to achieve an objective: e.g. "Fire surveillance", "Fire extinguishing" and "Fire monitoring".
• State: A state is a situation of a task that is defined by some actions and observations: e.g. "Take-off", "Fly to mission area" and "Emergency".
• Transition: A transition is the change between two states when some conditions are satisfied: e.g. "Transition from 'Take-off' to 'Fly to mission area' when 'UAV altitude is higher than 1,000 feet'" and "Transition from 'Fly to mission area' to 'Emergency' when 'UAV fuel is low'".
• Action: An action is a UAV maneuver or a payload utilization: e.g. "UAV goes to waypoint (lat., long., alt., time)" and "UAV camera takes a picture".
• Observation: An observation is information that can be used to determine the state of the task: e.g. "UAV altitude is higher than 1,000 feet" and "UAV fuel is low". This architecture allows addressing the multi-UAV mission as two independent problems. The first one (mission level) is related to the generation of tasks that consume the resources and reach the objectives. Meanwhile, the second one (task level) considers the execution of each task as a sequence of vehicle and payload actions performed by a single UAV.
IV. A LIST OF BASIC TASKS
A set of realistic multi-UAV scenarios, including the one that is described in section VI, has been studied in order to identify a list of basic tasks. These scenarios include both civilian and military missions and different applications such as fire control or maritime surveillance. The basic tasks are collected in table I and described below: The selection of an appropriate modeling technique is fundamental not only for the mission specification but also for the mission control and monitoring. This technique should generate suitable models for diverse tasks (e.g. surveillance and reconnaissance) that include both regular (e.g. take-off, fly to point and land) and exceptional states (e.g. emergency, failures and threats).
This work considers the following modeling techniques:
• Agent-based model (ABM): The agent-based models are used to represent complex systems as a collection of simple agents [20] . They can represent multiple agents, environment, interactions among the agents and actions of the agents over the environment. This technique is frequent in social science, but is also used in multi-robot systems [21] .
• Business Process Modeling Notation (BPMN): The Business Process Modeling Notation is a tool for modeling and representing business processes [22] . BPMN consist of events (similar to transitions), activities (similar to transitions) and gateways (logical operators and time events). As its name suggests, this technique is [29] . SMs consist of states, which represent the possible situations, and transitions, which represent the changes between states when some conditions are satisfied. This technique has been used in the context of robotics for tasks related to mission specification and robot control [30] .
• Tree Model (TM): A tree model is a common modeling tool for different kind of systems [29] . These models can be classified according to their structure in two classes: hierarchical trees and sequential trees. In the hierarchical trees, each element in the n level can be split into multiple elements in the n+1 level that are parts of it. In the sequential trees, each node is a decision and each branch from root to leaves is a possible path. The application of these models is quite usual in some fields such as project management and software engineering, but currently is not explored in multi-robot missions.
An analysis of these modeling techniques has been performed in order to discuss which ones are suitable to model multi-UAV missions.
ABM is a promising technique for multi-robot scenarios, but presents limitations with complex tasks. Furthermore, this technique is required for task modeling and the tasks consider single UAVs.
TM is useful for systems consisting of a set of predictable decisions that generates a set of potential paths. However, this technique is weak in complex scenarios with multiple agents, such as the ones considered in this work, because it might generate unexpected situations.
BPMN is focused on business processes, but it can be exported to other areas. In fact, this technique is versatile for its multiple resources (e.g. the gateways allow multiple kinds of concurrency). Nevertheless, the BPMN models can be converted to PNs [31] : sometimes directly and sometimes through an event log.
SM is probably the most common and easy technique, but it might not be enough in the scenarios considered in this work. In fact, HMM provides the same functions as SM and further other ones.
In summary, PNs and HMMs are the most interesting techniques and represent two different conceptions. The strength of HMMs is the management of uncertainty, while the strength of PNs is the concurrency.
The management of uncertainty is useful in the context of multi-UAV missions. At least, UAVs, environment and other agents may behave as uncertainty sources. For instance, communication failures and emerging threats may affect the development of the task and the monitoring performance. A robust model against the uncertainty, such as HMM, can help the operator to manage these situations.
The concurrency is also practical in multi-UAV missions. This feature allows the introduction of interactions among UAVs and other agents in the tasks models. A model that is able to represent the concurrency, such as PN, can help the operator to develop complex missions.
The conclusions of this study are summarized in table II. Petri nets and hidden Markov models are promising modeling techniques for multi-UAV missions and each one present a potentiality (PNs can model concurrency and HMMs can work under uncertainty). Future experiments will be performed with both techniques in order to determine which one is the best solution. The methodology proposed in this paper will be applied to a realistic multi-UAV scenario. This scenario concerns the prevention, control, detection and extinguishing of fires in a country.
A. Mission
At high-level, this scenario involves a mission of fire control, which consists of a set of resources to accomplish a set of objectives. The potential objectives and available resources are described below: 1) Objectives: As mentioned, the objectives may appear and disappear during the mission according to the task development or the environment events. The potential objectives of this scenario are listed below.
• Fire control: At first, the main objective is to watch different regions with high risk of fire (e.g. mountains and forests). This objective covers two sub-objectives: to perform a surveillance to detect fires, and to generate maps of risk of fire.
• Fire extinguishing: When a fire is detected, the main objective is to extinguish it. This objective also consists of two sub-objectives: to extinguish the fire by loading water on a lake and discharging over it, and to support the firefighters that are working on the ground.
• Rescue: If people are surrounded by the fire, the objective is to find, rescue and transport them to safe place.
• Search: If the fire was caused by man, the objective is to locate and control the suspects until the police arrival. 2) Resources: As mentioned, the resources include UAVs, payloads and other agents. The efficiency of the mission may depend on the flexibility of the resources: e.g. if the payload is fixed in the UAVs, the solution will be worse than if the payload is interchangeable. The available resources for this scenario are listed below:
• UAVs: The fleet consists of three conventional UAVs, an extinguishing UAV and a transport UAV.
• Payloads: All the UAVs can be equipped with four conventional cameras and two thermal cameras. Meanwhile, the extinguishing UAV has a water tank and the transport UAV has a compartment for people or equipment.
B. Tasks
At low-level, the mission consists of a set of tasks that are performed by single UAVs and, in turn, they consist of a series of actions. The following tasks are required for this mission development:
• Fire risk mapping: To build maps with fire risk.
• Fire surveillance: To detect the fires.
• Fire checking: To validate a fire alert.
• Fire extinguishing: To extinguish a fire.
• Fire monitoring: To control a fire while it is being extinguished for providing information.
• Firefighters support: To help the firefighters to extinguish the fire by providing information.
• Rescue of victims: To rescue people in danger.
• Search for suspects: To search and control potential suspects of causing the fire.
The equivalence between these tasks and the basic tasks defined in section IV is shown on table III. The fire extinguishing task has been selected for applying the modeling techniques.
As shown in figure 2, this task can be split into five sub-tasks: begin, capture, release, finish and emergency. The number of iterations of the capture-release loop depends on the fire evolution and the UAV state. When the fire is extinguished or the UAV autonomy is low, this task will finish. Meanwhile, the emergency sub-task can follow and be followed by any other task depending on the sub-task where the failure is detected and the diagnosis of the failure. The Petri nets are shown in figure 3 and the hidden Markov models are shown in figure 4.
VII. CONCLUSIONS
Multi-UAV missions pose two challenges related to the fleet autonomy and operator workload. This second challenge can be addressed by transferring functions from the operator to the interface and reducing and by selecting the information that it is provided to the operator. This second solution requires a mission model for selecting the information according to the mission state.
This paper presents a methodology for multi-UAV mission modeling and it is focused on two main aspects: a mission architecture proposal and a modeling techniques analysis.
The architecture for multi-UAV missions includes two perspectives: mission and task. Mission perspective addresses the assignment problem considering the objectives and the resources. Task perspective addresses the operational problem considering the tasks performed by single UAVs.
An analysis of six modeling techniques has determined that Petri nets and hidden Markov models are the most appropriate for the modeling of tasks. Petri nets provide better capabilities related to concurrency while hidden Markov models provide better abilities to manage the uncertainty.
A case of use of the methodology is presented and both modeling techniques are employed. Future experiments will determine if one of them or a combination of both is the best solution. 
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